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(54) Continuous process for producing a silicon resin 



(57) A process for making a silicon resin includes 
the steps of substantially continuously polymerizing so- 
dium silicate in an aqueous medium and in the presence 
of acid to form a silica hydrosol, substantially continu- 
ously quenching the silica hydrosol with alcohol and 



substantially continuously capping the quenched silica 
hydrosol in a reaction mixture comprising water and an 
organic solvent, siloxane fluid or mixture thereof with an 
organosilicon capping compound to form the silicon res- 
in. 
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Description 

[0001] This invention relates to a continuous process of making silicon resins, more particularly, to a continuous 
process for making MQ silicon resins. 
5 [0002] Silicon resins containing triorganosiloxy structural units, generally referred to as tt M* units, and tetrasiioxy 
structural units, generally referred to as "Q" units, are known as "MQ" resins. 

[0003] MQ resins are used in a variety of applications, such as, for example, pressure-sensitive adhesives, liquid 
injection molding applications, paper release coatings and personal care products. MQ resins have been made by 
batch processes, such as, for example, those described in U.S. Patent 2,676,182 (Daudt et a/.) and in U.S. Patent 

10 5,391 ,673 (Ekeland etal). Daudt et al. describe reacting an alkali metal silicate with an acid a to form a silica hydrosol 
and then reacting the hydrosol with a sitane and/or siioxane to form an MQ resin. The process of Daudt etal is suitable 
for making MQ resins having a low silanol content, but is unworkable for making MQ resins with a high silanol content. 
Ekeland etal. describe a multi-stage process for producing MQ resins wherein the Q component is derived from a halo 
silicate or an alkyl silicate. The Ekeland et aJ. process does not proceed through a hydrosol intermediate. Neither Daudt 

15 et al. nor Ekeland etal. discloses an MQ resin having a narrow, low molecular weight distribution. 

[0004] There is a need in the art to efficiently and consistently produce MQ resin with minimal batch-to-batch varia- 
bility. Furthermore, it would be very desirable have the flexibility to make MQ resins with either high silanol or low silanol 
content. There is also a need to provide a system of making MQ resins to accommodate the rapid kinetics of MQ resin 
formation to allow for the production of low molecular weight resins. 

20 [0005] A first aspect of the present invention is directed to a process for making a silicon resin comprising continuously 
polymerizing sodium silicate in an aqueous medium and in the presence of acid to form a silica hydrosol and contin- 
uously quenching the silica hydrosol with alcohol. 

[0006] In a preferred embodiment, the process of the present invention further comprises continuously capping the 
quenched silica hydrosol in a reaction medium comprising water and a liquid selected from organic solvents, siioxane 
25 fluids and mixtures thereof with an organosilicon capping compound to form the silicon resin. 

[0007] The process of the present invention allows consistent, reproducible production of silicon resins having narrow 
molecular weight distributions and high silanol content. 

[0008] Another aspect of the present invention is directed to a silicon resin comprising triorganosiloxy structural units 
and tetrasiioxy structural units, wherein a solution of 60 percent by weight of the silicon resin in toluene exhibits a 
30 viscosity of less than about 6 centiStokes ("cSt") at 25°C. 

[0009] In a preferred embodiment, the silicon resin of the present invention is one according to the structural formula 
(I): 

35 [M a D b T c Q d Q' e ] x (I) 

wherein: 

M is R 1 3 Si0 1/2i 

40 

D is F^gSiO^ 
T is R 3 Si0^2 
45 Q is SiO^, 

Q' is SiR 4 0 3 y 2i 

each R 1 , R 2 and R 3 is independently H or a monovalent hydrocarbon radical, provided that R 3 is not alkoxy, 

50 

R 4 is hydroxy, alkoxy or halo, 

a, b, c and d are each numbers, wherein 0.5 < a < 1 .0, 0 < b < 0.25, 

55 0 < c < 0.25, 0 £ d < 1 , 0 < e < 1 , provided that 0< (d+e) and x is selected so that a solution of 60 percent by weight 

the resin solids in toluene exhibits a viscosity of less than about 6 cSt at 25°C. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[001 0] As used herein, the terminology "continuous process" refers to a method in which reactants are continuously 
supplied to a reactor and products are continuously removed from the reactor. As used herein, the terminology "high 
5 silanol content" refers to an amount of silanol groups, i.e., silicon bonded -OH groups, in the MQ resin above about 1 
percent by weight ("wt%"). As used herein, the notation means less than or equal to and the notation "<" means 
less than. 

[001 1 ] In the process of the present invention, metered streams of sodium silicate and a dilute acid are continuously 
supplied to a reactor. The reactor may be any type of reactor consisting of a series of mixing stages, such as, for 
10 example, a plug flow static mixer reactor, a packed plug flow reactor, a Sheibel type plug flow column or a mix loop 
reactor. Sheibel type plug flow columns are preferred. 

[0012] Generally, sodium silicate is introduced to the reactor as aqueous solution having a Si0 2 content of about 5 
wt% to about 70 wt%. In a preferred embodiment, sodium silicate in is introduced to the reactor as an aqueous solution 
in which the Si0 2 content is from about 5 wt% about 20 wt%, more preferably, from about 5 wt% to about 1 5 wt%, even 
*5 more preferably, from about 5 wt% to about 1 2 wt%. Typically the sodium silicate exhibits a molar ratio of Si0 2 :Na 2 0 
of at least about 2.0, more preferably at least about 2.5, most preferably at least about 3.0. 

[001 3] The acid is added to induce polymerization of sodium silicate to thereby form a silica hydrosol. In a preferred 
embodiment, the acid is added to the reaction mixture in an amount effective to reduce the pH of the mixture to less 
than 7, more preferably between about -1 and 6, even more preferably between about 1 and 4 and most preferably 

20 between about 1 and 2. 

[0014] Acids suitable for use as the acid component of the present invention include both inorganic acids, such as 
for example, hydrochloric acid, nitric acid, hydrobromic acid, hydrogen iodide, sulfuric acid, phosphoric acid, sulfonic 
acid, and carbonic acid and organic acids, such as, for example, acetic acid, propionic acid, formic acid, benzoic acid, 
salicylic acid, sebacic acid, adipb acid, dicarboxylic acids, oleic acid, palmitic acid, stearic acid, and phenylsteric acid, 

25 as well as mixtures of any of the above. 

[0015] In a preferred embodiment, the acid comprises one or more of hydrochloric acid, sulfuric acid, nitric acid, 
phosphoric acid, sulfonic acid, hydrobromic acid and hydrogen iodide. Most preferably, the acid comprises hydrochloric 
acid. 

[0016] In a preferred embodiment, the acid is introduced to the reactor as an aqueous solution having an acid con- 
30 centration of from about 5 wt% to about 99 wt%, more preferably, from about 5 wt% to about 35 wt%, and even more 
preferably from about 1 5 wt% to about 25 wt%. 

[0017] The streams of silica and acid reactants are supplied to the reactor at rates selected for each respective 
product to control the stoichiometry and reactor residence time. In a preferred embodiment, the polymerization reaction 
mixture generally comprises from 50 wt% to 95 wt%, more preferably from 75 wt% to 95 wt% water, from 1 to 25 wt%, 

35 more preferably from 5 to 1 5 wt%, sodium silicate and from 0.5 to 1 0 wt%, more preferably from 2 wt% to 8 wt%, acid. 
[0018] After a residence time sufficient to allow the desired amount of polymerization of the silicate/acid reaction 
mixture to occur, a quencher is added to the reaction mixture to substantially inhibit further polymerization of the silica 
hydrosol and thereby control the molecular weight of the products formed. Suitable quenchers are polar, water soluble 
organic compounds having heteroatoms capable of hydrogen bonding to the hydroxyl groups of the hydrosol to thereby 

40 inhibit further polymerization of the hydrosol, such as for example, organic alcohols, such as methanol, ethanol, n- 
propanol, isopropanol, n-butanol, isobutanol, and glycols, such as , for example, ethylene glycol and propylene glycol, 
ketones, such as for example, acetone and methyl ethyl ketone, as well as mixtures of all of the above. Preferably, the 
quencher is a water-soluble organic alcohol or glycol or mixture thereof. In highly preferred embodiment, the quencher 
comprises one or more (C r C 12 )alcohols. More preferably, the quencher comprises one or more of isopropanol, meth- 

45 anol and ethanol. 

[0019] The quencher is supplied in varying amounts relative to the sodium silicate present in the reaction mixture 
for each respective product to be produced in order to control the stoichiometry of the reaction and the properties of 
the product produced. Generally, the quencher is introduced to the reactor as a stream of 1 00 wt% quencher or as a 
stream of an aqueous solution containing from about 50 wt% to about 99 wt% quencher. In a preferred embodiment, 
50 an amount of quencher equal to the product of a factor of from 0.5 to 10 times the amount of sodium silicate present 
in the reaction mixture is added to the reaction mixture to substantially inhibit further polymerization of the silica hydrosol 
and thereby control the molecular weight of the products formed. 

[0020] In a preferred embodiment, the polymerization and quenching reactions are each carried out at a temperature 
from about 0 Q C to about 75°C, more preferably from about 0°C to about 40°C and most preferably from about 5°C to 
55 about 25°C. 

[0021] For a given reaction mixture, the molecular weight of the hydrosol depends upon reaction temperature and 
residence time of the silica/acid reaction mixture prior to the addition of quencher. In a preferred embodiment, the 
quencher is added to the silica/acid reaction mixture after a residence time of from less than 1 minute, that is, substan- 
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tially instantaneously, after mixing of the silica and acid reactant streams, to about 30 minutes after mixing of the silica 
and acid reactant streams. In a preferred embodiment, wherein a low molecular weight product is desired, the quencher 
is added to the reaction mixture after a residence time of from less than 1 minute after mixing of the silica and acid 
reactant streams to about 10 minutes after mixing of the silica and acid reactant streams, more preferably after a 
s residence time of from less than 1 minute after mixing of the silica and acid reactant streams to about 5 minutes after 
mixing of the silica and acid reactant streams. 

[0022] Typically, the quenched hydrosol is subsequently "capped 1 ' by reaction with an organosilicon compound to 
form an organosilicone resin. Preferred organosilicon capping compounds include halo, hydroxyl, alkoxyl or triorga- 
nosiloxy functional silicon compounds. 
w [0023] In a highly preferred embodiment, the organosilicon capping compound comprises a compound according to 
the structural formula (II): 

R(*n)SiY n (I) 

15 

wherein: 

Y is halo, hydroxyl, - OR 6 or - OSiR 7 3 ; 
20 R5 f r6 anc j r7 are eac h independently H or a monovalent hydrocarbon radicals, and 

n is 1,2 or 3. 

[0024] As used herein, the term "monovalent hydrocarbon radicals" includes monovalent acyclic hydrocarbon radi- 
os cals, monovalent alicyclic hydrocarbon radicals and monovalent aromatic hydrocarbon radicals. 

[0025] As used herein , the terminology "acyclic hydrocarbon radical" means a straight chain or branched hydrocarbon 
radical, preferably containing from 1 to 20 carbon atoms per radical, which may be saturated or unsaturated and which 
may be optionally substituted or interrupted with one or more functional groups, such as, carboxyl, cyano, hydroxy, 
halo, mercapto, oxy. Suitable monovalent acyclic hydrocarbon radicals include, for example, alkyl, alkenyl, alkynyl, 
30 hydroxyalkyl, cyanoalkyl, carboxyalkyl, haloalkyl, such as, for example, methyl, ethyl, ethenyl, sec-butyl, tert-butyl, 
octyl, decyl, dodecyl, cetyl, stearyl, ethenyl, propenyl, butynyl, hydroxypropyl, cyanoethyl, carboxymethyl, chloromethyl 
and 3,3,3-fluoropropyl. 

[0026] As used herein, the terminology "alicyclic hydrocarbon radical" means a radical containing one or more sat- 
urated hydrocarbon rings, preferably containing from 4 to 10 carbon atoms per ring, per radical which may optionally 

35 be substituted on one or more of the rings with one or more alkyl or alkylene groups, each preferably containing from 
1 to 6 carbon atoms per group, or other functional groups and which, in the case of two or more rings, may be fused 
rings. Suitable monovalent alicyclic hydrocarbon radicals include, for example, cyclohexyl and cyclooctyl. 
[0027] As used herein, the terminology "aromatic hydrocarbon radical" means a hydrocarbon radical containing one 
or more aromatic rings per radical, which may optionally be substituted on one or more of the aromatic rings with one 

M or more alkyl groups, each preferably containing from 1 to 6 carbon atoms per group, halo or other functional groups. 
In a preferred embodiment, the aromatic hydrocarbon radical is a monocyclic aromatic hydrocarbon radical, i.e., a 
aromatic hydrocarbon radical containing one aromatic ring per radical. Suitable monovalent aromatic hydrocarbon 
radicals include, for example, phenyl, tolyl, chlorophenyl, 2,4,6-trimethylphenyt and I, 2-isopropylmethylphenyl. 
[0028] In a preferred embodiment, R 5 , R 6 and R 7 are each independently (C 1 -C 8 )alkyl, (C 4 -C 8 )cycloalkyl, (Cg-Ca) 

45 alkenyl, halo(C 1 -C 8 )alkyl or monocyclic aromatic hydrocarbon radical, which may optionally be substituted on the ar- 
omatic ring with one or more (^-C^alkyl or halo groups. 

[0029] In a highly preferred embodiment, Y is halo, more preferably chloro, (C.,-C 8 )alkoxy, preferably methoxy, ethoxy 
or propoxy, or tri(C r C 8 )alkylsiloxy, preferably trimethlsiloxy. 

[0030] In a highly preferred embodiment, each R 5 is independently (C r C 8 )alkyl, preferably methyl or (C 2 -C 8 )alkenyl, 

50 preferably vinyl, or halo(C r C 8 )alkyl, preferably fluoro(C r C 8 )alkyl. 

[0031 ] Examples of the compounds suitable for use as the organosilicon capping compound of the present invention 
include, for example, trimethylchlorosilane, trimethylethoxysilane, trimethylisopropoxysilane, phenyldimethylchlorosi- 
lane, hexamethyldisiloxane, dimethylchlorosiloxane, phenyltrichlorosilane, diethyltetramethyldisiloxane, tolylmethyl- 
dichlorosilane, stearyltrichlorosilane, chlorophenyldimethylchlorosilane, monotolylsiloxane, trifluorotolylmethyldichlo- 

55 rosilane, triethylchlorosilane, ethyldimethylchlorosilane, tetramethyldisiloxane, methyldivinylchlorosilane, and mixtures 
thereof. In a preferred embodiment, the organosilicone capping compound comprises one or more of trimethylchlo- 
rosilane, dimethylchlorosilane, dimethylvinylchlorosilane and methylvinyldichlorosilane. 
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[0032] The amount of capping compound suitable for use in the present invention varies with the degree of capping 
desired and the amount of polymer formed in the previous stages of the reaction. Generally, the capping compound is 
used in a amount of about 0.1 mole to about 3.0 moles, more preferably, about 0.5 mole to about 1 .0 mole, even more 
preferably, about 0.6 mole to about 1 .0 mole, of the capping compound per mole Si0 2 units contained in the quenched 
5 hydrosol. 

[0033] Suitable organic or siloxane fluids for use in the capping step of the process of the present invention include 
those fluids in which the desired MQ resin product is soluble and in which the water soluble quencher is relatively 
insoluble, such as , for example, hexamethyldisiloxane, toluene, xylene, linear and branched hydrocarbons, such as 
heptane, octane and isododecane, as well as mixtures thereof. 
10 [0034] The amount of organic or siloxane fluid suitable for use in the capping stage of the process of the present 
invention may be about 5 to 75 wt%, more preferably, 20 to 40 wt%, most preferably about 30 wt% based on the total 
weight of the reactants. The fluid may be added to the reaction mixture at any stage of the process, preferably, after 
addition of the quencher. 

[0035] In a preferred embodiment, the temperature of the capping reaction is from about 25°C to about 1 00 Q C, more 
75 preferably, from about 40°C to about 75°C, and most preferably from about 50°C to about 75°C. In a preferred em- 
bodiment, the residence time for the capping reaction is greater than or equal to about 5 minutes, more preferably, 
greater than or equal to about 30 minutes and most preferably, greater than or equal to about 45 minutes. In a preferred 
embodiment, the capping reaction is conducted at a pH of the less than 7, more typically, the pH is from about -1 to 6, 
more preferably, from about 0 to 4 and most preferably from about 0 to 2. 
20 [0036] As the MQ resin is formed and capped, it transitions from the aqueous phase to the organic phase. 

[0037] In a preferred embodiment, the process of present invention further comprises the step of allowing the reaction 
mixture to separate into an aqueous phase and an organic phase, with the organic phase comprising the silicon resin 
and the one or more of organic solvents and siloxane fluids. 

[0038] The organic phase contains substantially all of the MQ resin, and therefore, separation may be accomplished 
25 by any method of separating aqueous and organic phases. In a preferred embodiment, separation is accomplished by 
decanting. Decanting allows a variable adiabatic residence time that permits slower reacting silanes to be incorporated 
into the product. The decanting phase may be performed in batch or, preferably, in a substantially continuous manner. 
[0039] The residence time and temperature of the separation stage may be varied depending on the type of MQ 
resin to be produced. Separation can be performed by any known method, including both batch methods and continuous 
30 methods. Temperature is not a critical factor at this stage. Generally, the temperature of the separation stage is between 
about 40 to 1 00°C. Longer residence times allow slower reacting silanes to be incorporated, and therefore, residence 
time is based in part on the choice of silanes in the previous stage of the process. Generally, residence time is between 
about 15 to 60 minutes. 

[0040] In a preferred embodiment, the process of present invention further comprises the step of stripping the organic 
35 phase to remove substantially all the water, acid and volatile organic solvents and isolate the MQ resin product. Stripping 
of volatiles is well known in the art, and may be accomplished by any method. Generally, the product is heated to a 
temperature of from about 1 00 *C to about 250°C. The MQ resin/organic solution may be allowed to reflux, and sub- 
sequently, the volatiles are removed by any known method, such as, for example, vacuum distillation or by employing 
a nitrogen purge. Stripping reduces the volatiles content of the final product and increases the percent yield of resin. 
40 The stripping process may be performed in batch, or preferably in a substantially continuous manner. Furthermore, 
the alcohol and other volatile materials, such as, for example, water, solvents, silanes, removed in the stripping process 
may be recovered and recycled to the reactor in which alcohol is added to substantially inhibit the polymerization 
process. 

[0041 ] In a preferred embodiment, the process of present invention further comprises the step of filtering the isolated 
45 silicon resin. In most cases, the MQ resin is filtered by any known filtering method, and the solids content is adjusted 
to the desired specification. Generally, the solids content is adjusted to about 60% solids to assess the characteristics 
of the MQ resin, such as viscosity. The filtering stage may be performed batch-wise, or preferably, may be performed 
in a substantially continuous manner. 

[0042] The MQ silicon resin product typically contains residual silanol groups. Typically, the MQ resin contains greater 
so than about 1 wt% residual silanol groups, more typically, about 2 wt% residual silanol groups, wherein the percentages 
are based on the weight of the hydroxyl portion of such groups. 

[0043] The process of present invention may, optionally, further comprise a step of reducing the amount of residual 
silanol groups contained in the MQ resin product. This may be accomplished by condensing the residual silanol groups 
of the MQ resin in the presence of an alkali catalyst or, alternatively, by reacting the residual silanol groups of the MQ 
55 resin with one or more of silazanes and halogenated silanes. 

[0044] The step of reducing the amount of residual silanol groups can be conducted while simultaneously stripping 
the organic phase to isolate the silicon resin having a reduced amount of residual silanol groups. Alternatively, the step 
of reducing the amount of residual silanol groups can be conducted after stripping of the reaction mixture. 
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[0045] In a first embodiment, the silanol groups are condensed in the presence of an alkali catalyst and the alkali 
catalyst comprises one or more of NaOH, LiOH, and KOH. Intramolecular silanol condensation may reduce the silanol 
content to about 0.2 wt%. In a preferred embodiment, the -OH groups are condensed in the presence of a base to 
reduce the silanol content. The base catalyst may be an alkali base such as, for example, KOH, NaOH, LiOH. The 
5 preferred base is KOH. The condensation reaction may be performed by any conventional method, such as refluxing 
in xylene and removal of the water of condensation. Typically, the base catalyst is present at a concentration of about 
200 parts per million (ppm). 

[0046] In an alternative embodiment, the MO resin is contacted with one or more silazanes, such as for example, 
hexamethyldisilazane, or halogenated silanes, such as for example, trimethylchlorosilane, to reduce the silanol content 
10 of the MQ resin. 

[0047] The reduced silanol content embodiments of the MQ resin typically exhibit a silanol content of less than 1 wt%. 
[0048] In another embodiment of the invention, products may be discharged to other stages of the process, or to 
several locations along the process as desired. For products requiring less residence time in the first stage, for example, 
at least some of the product from the first stage may be pumped to other locations along the process as a way of 

15 varying residence time. The process encompasses flexibility in flow rates, reactor volumes, temperature and residence 
time in order to achieve MQ resins with desired functional groups in narrow molecular weight ranges and viscosities. 
[0049] In a preferred embodiment, the alcohol and organic or siloxane solvent are recycled. The alcohol, such as 
isopropanol, for example, may be recovered from the stripping stage and recycled back to the quenching stage. Sim- 
ilarly, the alcohol may be recovered from the separation process and recycled back to the quenching stage. With 

20 recycling, the composition of the alcohol solution reaches a steady state mixture which contributes to the consistency 
of the process, and to the predictability of the products achieved by the process. Moreover, recycling of the alcohol 
reduces the cost of the process. Similarly, the organic solvents may be recycled in the process of the invention. 
[0050] In a preferred embodiment, the MQ resin made by the process of the present invention has a silanol content 
of greater than or equal to 1 wt%, more preferably, greater than or equal to 2 wt%, based on the total weight of MQ 

25 resin solids. 

[0051 ] I n an alternative preferred embodiment, a reduced silanol content MQ resin made by the process of the present 
invention has a silanol content of less than 1 wt%. 

[0052] In a preferred embodiment of the silicon resin according to structural formula (I), R 1 , R 2 and R 3 are each alkyl, 
more preferably (Cj-C^alkyl, even more preferably methyl. 
30 [0053] In a preferred embodiment of the silicon resin according to structural formula (I), R 4 is hydroxy. 

[0054] In a preferred embodiment of the silicon resin according to structural formula (I), 0.6 < a < 1 .0, 0 < b £ 0.25, 
0 < c < 0.25, 0.5 < d < 1 .0 and 0 < e £ 0.5, more preferably 0.6 < a £ 1 .0, 0 £ b £ 0.25, 0 <, c £ 0.25, 0.7 £ d £ 1 .0 and 
0<e<0.3. 

35 EXAMPLES 

[0055] The following examples were prepared in a pilot continuous MQ resin reactor which included the following 
units: 

40 (a) a continuously stirred column reactor (Sheibel-type) having three stages: 

Stage 1 : a hydrosol reactor for acidification of sodium silicate, 
Stage 2: alcohol reactor for quenching the hydrosol, and 

45 

Stage 3: a chlorosilane reactor equipped with steam injection for heating, 
(b) a continuous separator; 
50 (c) a batch stripping column; and 

(d) a filtration unit. 

[0056] The column reactor contained control-flow plates between the stages to prevent back mixing. In addition, the 
55 reactor system was further equipped with tanks for the inputs, cooling units for the inputs, pumps and weighing systems 
to precisely control resin composition, and storage tanks for finished resin and recycling streams. It is to be understood 
that the stripping and filtration may also be performed on a continuous basis in the process of the invention. 
[0057] The completion of the capping reaction is an important variable of the present process, with a greater percent 
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completion of the capping reaction reflected in a reduction in the solution viscosity of the MQ resin product. The percent 
completion of the capping reaction was characterized in the following Examples by calculating the product of a factor 
of 1 00 times the quotient of the viscosity of the MQ resin product divided by the viscosity of resin intermediate present 
in the Stage 3 reaction mixture, where viscosities were measured at 25°C in centiStokes for resin samples adjusted 
5 to 60.0% solids in toluene. 

EXAMPLE 1 

[0058] An MQ resin having an M/Q molar ratio of 0.8 was prepared in the continuously stirred column reactor de- 
10 scribed in the following manner, under steady state conditions, for 3 hours: 

(1) A hydrosol was prepared in Stage 1 of the reactor by acidifying a 41/59 mixture of sodium silicate and water, 
where the sodium silicate had an Si0 2 content of 29 wt% and a ratio of Si02/Na20 of 3.22, with a 1 6.5 % solution 
of HCI in water. A stream of sodium silicate and water solution was introduced to Stage 1 of the reactor at a rate 
15 of 1 57 grams per minute ("g/min") and a stream of HC! solution was introduced to Stage 1 of the reactor at a rate 

of 57 g/min. Both the sodium silicate and HCI solutions were cooled to 7°C prior to the reaction. The reactant 
streams were thoroughly mixed in Stage 1 of the reactor under turbulent conditions. The residence time of the 
reaction mixture in Stage 1 of the reactor was from about 1 minute to about 5 minutes. 

20 (2) A stream of isopropanol was added in Stage 2 of the continuously stirred column reactor at a rate of 61 .5 g/ 

min to quench the hydrosol formed in Stage 1 of the reactor. The residence time of the reaction mixture in Stage 
2 of the reactor was about 2.9 minutes. 

(3) A stream of trimethylchlorosilane was added in Stage 3 of the continuously stirred column reactor at a rate of 
25 27.1 g/min to cap the quenched hydrosol formed in Stage 2 of the reactor. At the same time, a stream of toluene 

solvent was added at a rate of 22.2 g/min. The reaction mixture was heated to 65°C in Stage 3 by steam injection. 
The residence time of the reaction mixture in Stage 3 of the reactor was about 13.4 minutes. 

(4) The reaction mixture from Stage 3 of the reactor was separated in a continuous separation unit into an organic 
30 phase, which contained the MQ resin product, and aqueous waste phase. 

(5) The organic phase was stripped of residual volatile species such as water, hexamethyldisiloxane, and isopropyl 
alcohol. 

35 (6) The stripped organic phase was then filtered and the MQ solids content adjusted to 60 wt% solids with additional 

toluene. 

[0059] The final MQ resin toluene solution had a viscosity of 9.8 cSt at 60 wt% solids. The amount of silanol groups 
on the resin was measured at 2.7 wt%. A sample of resin toluene solution taken after Stage 3 of the continuously stirred 
40 column reactor was adjusted to 60 wt% solids and found to have a viscosity of 24.7 cSt. The percent completion of 
the capping reaction after Stage 3 was 39.8 wt% (calculated as 9.8/24.7 x 1 00). 

EXAMPLE 2 

45 [0060] A series of three MQ resins were prepared in the manner identical to the resin in Example 1 , except that the 
residence times in Stage 3 of the reactor were 13.4 min., 17.5 min., and 20.3 min, respectively. The results obtained 
are set forth below in TABLE I, expressed as residence time in stage 3 (^3") in minutes, viscosity of resin intermediate 
at stage 3 "Ct^") in centiStokes, viscosity of resin product (*r| f ") in centiStokes, percent completion of the capping 
reaction at Stage 3 of the process ("Completion") and the amount, in wt%, of silicon-bonded hydroxyl groups [-OH]" 

50 

TABLE I 



55 



Ex # 


t 3 (minutes) 


T, 3 (cSt) 


Tl,(cSt) 


Tlr(cSt) 


[-OH] (wt%) 


2A 


13.4 


14.5 


8.6 


59.4 


2.4 


2B 


17.5 


12.6 


8.2 


65.3 


2.3 


2C 


20.3 


10.6 


7.9 


74.7 


2.3 
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EXAMPLE 3 

[0061] An MQ resin was prepared in a manner described in Example 1 , except the hydrosol was formed by mixing 
the silicate and the acid solutions in a & inch tube equipped with static mixing elements located immediately before 
5 the continuously stirred column reactor. The isopropyl alcohol was also added downstream of the hydrosol in this 
plugged flow tube with static mixing. The solvent and trimethylchlorosilane were added to the beginning of the contin- 
uously stirred column reactor. As a result, the residence time of the hydrosol and quenching Stages were significantly 
reduced to 1.5 min. and 0.16 min., respectively. The results obtained are set forth below in TABLE II. 

10 TABLE II 



Example # 


tj (minutes) 


t, 3 (cSt) 


%(cSt) 


Completion (%) 


3 


18.7 


4.6 


4.1 


89 



15 EXAMPLE 4 

[0062] Following the process of Example 1 , sodium silicate solution was injected through an eductor into a fast 
moving stream of an HCI solution in Stage 1. This process was performed in a loop. In Stage 2, the isopropanol was 
added to the hydrosol in a & inch tube with static mixing elements which connected the Stage 1 loop to the beginning 
20 of the continuously stirred reactor. Utilizing this process change, a series of 4 MQ resins were prepared. In this Example, 
the starting temperature of the sodium silicate and HCI solutions was 20 Q C. The residence times in the Stage 1 hydrosol 
reactor and Stage 2 isopropyl alcohol reactor were 2.4 and 0.26 min. respectively. The residence time in the Stage 3 
silane reactor was varied between 2 and 60 minutes. The results obtained are set forth below in TABLE III. 



TABLE III 



Ex# 


^(minutes) 


Ti 3 (cSt) 


T^CSt) 


Completion (%) 


4A 


2 


12.9 


7.5 


58.0 


4B 


30 


7.3 


6.1 


83.4 


4C 


45 


7.2 


6.3 


87.6 


4D 


60 


7.1 


6.5 


91 .5 



[0063] This Example offers another variation to the Stage 1 hydrosol reactor in the continuous process to manufacture 
MQ resins, and again demonstrates the need for long residence times in the silane reactor to achieve high levels of 
completion. The Example further demonstrates that the hydrosol reactor in Stage 1 can deviate from plug flow condi- 
tions and be run as a continuously stirred reactor. 

EXAMPLE 5 

[0064] An MQ resin was prepared as described in Example 4, except that the starting temperature of the sodium 
silicate and HCI solutions was 30°C. The following results were obtained: 



TABLE IV 



Ex# 


(cSt) (minutes) 


Tl 3 (cSt) 


% (cSt) 


Completion (%) 


5 


60 


12.4 


10.9 


87.9 



[0065] The short residence times, enabled by the turbulent plug flow conditions of the continuous process of the 
present invention permit synthesis of low viscosity, low molecular weight resins. Such resins cannot be made in batch 
processes because batch processes inherently require longer residence times. The synthesis of low viscosity, low 
molecular weight MQ resins is shown above in Example 3. The continuous process of the invention also produces MQ 
resins with a high silanol content, as shown above in Example 1 . The foregoing Examples are provided for the purpose 
of illustrating the process of the present invention. The Examples are not to be construed as limiting the scope of the 
invention, which is defined in the appended claims. 
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Claims 

1 . A process for making a silicon resin, comprising continuously polymerizing sodium silicate in an aqueous medium 
and in the presence of acid to form a silica hydrosol and continuously quenching the silica hydrosol with alcohol. 

2. The process of claim 1 , further comprising continuously capping the quenched silica hydrosol with an organosilicon 
capping compound in a reaction medium comprising water and a liquid selected from organic solvents, siloxane 
fluids and mixtures thereof to form the silicon resin. 

3. The process of claim 1 , further comprising allowing the reaction mixture to separate into an aqueous phase and 
an organic phase, said organic phase comprising the silicon resin and the one or more of organic solvents and 
siloxane fluids. 

4. The process of claim 3, further comprising stripping the organic phase to isolate the silicon resin. 

5. The process of any preceding claim, further comprising filtering the isolated silicon resin. 

6. The process of claim 3, wherein the silicon resin contains residual silanol groups, further comprising reducing the 
amount of residual silanol groups while simultaneously stripping the organic phase to isolate the silicon resin having 
a reduced amount of residual silanol groups. 

7. The process of claim 6, wherein the amount of residual silanol groups is reduced by condensing the silanol groups 
in the presence of an alkali catalyst or by reacting the silanol groups with one or more of silazanes and halogenated 
si lanes. 

8. The process of claim 2, wherein the organic solvents and siloxane fluids comprises one or more of hexamethyld- 
isiloxane, toluene, xylene, linear hydrocarbons and branched hydrocarbons. 

9. A silicon resin comprising triorganosiloxy structural units and tetrasiloxy structural units, wherein a solution of 60 
percent by weight of the silicon resin in toluene exhibits a viscosity of less than about 6 centiStokes at 25°C. 

10. A silicon resin according to the structural formula: 

[M a D b T c Q d Q' e ] x 

wherein: 

M is R 1 3 Si0 1/2 , 
D is R 2 2Si02/ 2 
T is FPSiO^ 
Q is SiO^, 
Q' is Si&O^ 

each R 1 , R 2 and R 3 is independently H or a monovalent hydrocarbon radical, provided that R 3 is not alkoxy, 
R 4 is hydroxy, alkoxy or halo, 

a, b, c and d are each numbers, wherein 0.5 < a < 1 .0, 0 < b < 0.25, 

0 < c < 0.25, 0 < d £ 1 , 0 < e < 1 , provided that 0< (d+e) and x is selected so that a solution of 60 percent by 
weight of the silicon resin in toluene exhibits a viscosity of less than about 6 centiStokes at 25°C. 



